The hereditary spastic paraplegias (HSPs) are a clinically and genetically heterogeneous group of neurodegenerative diseases characterised by progressive spasticity in the lower limbs. The nosology of autosomal recessive forms is complex as most mapped loci have been identified in only one or a few families and account for only a small percentage of patients. We used next-generation sequencing focused on the SPG30 chromosomal region on chromosome 2q37.3 in two patients from the original linked family. In addition, wide genome scan and candidate gene analysis were performed in a second family of Palestinian origin. We identified a single homozygous mutation, p.R350G, that was found to cosegregate with the disease in the SPG30 kindred and was absent in 970 control chromosomes while affecting a strongly conserved amino acid at the end of the motor domain of KIF1A. Homozygosity and linkage mapping followed by mutation screening of KIF1A allowed us to identify a second mutation, p.A255V, in the second family. Comparison of the clinical features with the nature of the mutations of all reported KIF1A families, including those reported recently with hereditary sensory and autonomic neuropathy, suggests phenotypegenotype correlations that may help to understand the mechanisms involved in motor neuron degeneration. We have shown that mutations in the KIF1A gene are responsible for SPG30 in two autosomal recessive HSP families. In published families, the nature of the KIF1A mutations seems to be of good predictor of the underlying phenotype and vice versa. 
INTRODUCTION
The hereditary spastic paraplegias (HSPs) are a clinically and genetically heterogeneous group of neurodegenerative diseases characterised by progressive spasticity in the lower limbs. 1 The mode of inheritance may be autosomal dominant, autosomal recessive (ARHSP) or X-linked. More than 48 different loci (SPGn) have been mapped so far, and 23 responsible genes identified. The corresponding proteins are often involved in intracellular trafficking or mitochondrial functions. 2, 3 Clinically, one can distinguish between pure and complicated forms of HSP. 1, 2 Pure forms consist of isolated pyramidal signs, such as spasticity, abnormal reflexes (brisk reflexes and Babinski sign) and motor deficit, often associated with sphincter disturbances and deep sensory loss. In the complicated forms of HSP the disease is variably associated with numerous combinations of neurological and extraneurological signs, such as cerebellar ataxia, dysarthria, mental retardation, peripheral neuropathy, optic atrophy, retinitis pigmentosa and/or hearing loss, which may be accompanied by abnormal brain MRI (atrophy of the cortex, cerebellum or corpus callosum, white matter abnormalities, etc).
Mutations in the KIF1A gene (MIM 601255) were very recently described in two different clinically and genetically heterogeneous groups of neurodegenerative diseases. 4, 5 In hereditary sensory and autonomic neuropathy (HSAN), all patients from four families with different origins shared a common homozygous region on chromosome 2q37.3 and carried nonsense mutations of KIF1A. In ARHSP, the KIF1A gene was suspected to be causal in three patients from a single Palestinian consanguineous family following the identification of a missense p.A255V mutation using a whole-exome sequencing strategy combined with homozygosity mapping. 4 In this study, we show evidence that KIF1A is the causal gene for SPG30, an HSP locus on chromosome 2q37.3, using targeted nextgeneration sequencing (NGS) in the original SPG30 family, 6 and whole-genome linkage analysis with candidate gene sequencing in a second family. Clear genotype-phenotype correlations were established based on the clinical features of all KIF1A-mutated patients.
PATIENTS AND METHODS Subjects
Two consanguineous families were included in this study (Figure 1 ), including the original Algerian SPG30 family (FSP546; 6 ) and a new family (FSP1079) with seven affected and two unaffected members of Palestinian ancestry with no known genealogical connection with the pedigree of Erlich et al. 4 All individuals were clinically examined by certified neurologists specialised in movement disorders, using standardised charts, and their blood was taken after written consent was obtained and with the approval of the Local Ethics Committees. Standard protocols were used for DNA preparation.
Genetic studies SPG30 exon capture and NGS of family FSP546. Sequencing of all exons of the linkage interval on chromosome 2q37.3 was performed with the use of targeted enrichment and NGS on two members of family FSP546 (patient 9 and carrier parent 1) at the Genoscope facility (Evry, France). To this end, a custom sequence capture array (Roche NimbleGen, Madison, WI, USA) focusing on exons in the region on chromosome 2 between 236 902 739 and 242 575 292 bp was designed and used to hybridise shotgun fragment libraries obtained from both selected subjects. Massively parallel sequencing was performed on this enriched library using the Roche 454 GS FLX sequencer (Roche) with titanium reagents. Sequence data were then aligned with the hg18 version of the human genome as a reference. Following enrichment capture of all exons of the SPG30 interval and sequencing in patient 9 and parent 1, a mean of 247 394 sequencing reads was obtained with an average length of 312 bp, of which 95% of all reads could be mapped, 67% of them overlapping the enriched regions (Supplementary Table 1 ). Out of the total of 783 enriched regions, 88-91% were covered entirely, and 96% of targeted bases were covered at least 10-fold. After PCR duplicates removal, the mean coverage of enriched regions (real coverage) was 73Â (from 67 to 80Â in samples FSP546-1 and FSP546-9, respectively).
Novel identified variants were evaluated for their impact on the encoded protein; conservation across vertebrate species, Caenorhabditis elegans, and Drosophila melanogaster; expression patterns; and potential overlap with known miRNAs. 
Whole-genome genotyping of family FSP1079
In the consanguineous Palestinian FSP1079 family, whole-genome genotyping was carried out using the Infinium Human Linkage_12 Genotyping BeadChip (Illumina, San Diego, CA, USA). The BeadChip included 6090 single-nucleotide polymorphism markers with an average gap of 441 kb and 0.58cM across the genome. The genotype assignments were determined with Bead Studio genotyping module software (Illumina). Linkage analysis was performed using MERLIN (http://www.sph.umich.edu/csg/abecasis/Merlin/index.html), assuming a fully penetrant recessive disease with similar male-female recombination frequencies and equal allele frequencies. A gene frequency value of 0.0005 was used. A total of 24 additional microsatellite markers were analysed to confirm or exclude non-significantly excluded regions, as described elsewhere. 6 Sanger sequencing of KIF1A
In all, 44 amplicons of B500 bp covering the KIF1A gene were designed using primer couples with melting temperature of 601C (primers available from the authors on request). BigDye chemistry was used for the subsequent Sanger sequencing and the PCR products were resolved in an ABI3730 sequencer according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA).
Rearrangement detection
In order to detect large rearrangements that might affect one gene of the SPG30 interval, two affected individuals, one from each family, were subjected to CGH analysis using the 3x720K exon-enriched Nimblegen microarrays in our local facility. In addition, one patient from family FSP1079 was tested using the CYTO_12 Illumina microarray.
RESULTS

Exon-enriched targeted sequencing of chromosome 2q37 in family FSP546
After initial filtering excluding variants that had fewer than three reads or accounted for 25% or less of all reads and excluding those reported as polymorphisms in public and local databases, a total of 118 variants mapping to the SPG30 region common to both tested subjects were identified. Only two of these variants were homozygous in the affected patient and heterozygous in the carrier parent. One was in the 3¢-UTR of a histone deacetylase 4 (MIM 605314), enzymes responsible for the deacetylation of lysine residues on the N-terminal part of the core histones and then involved in transcription regulation. This variant was not further analysed because of phenotypic features in patients with histone deacetylase 4 mutations (brachydactyly mental retardation syndrome, MIM 600430) and in the corresponding knockout mouse model, which do not overlap with the disease profile of SPG30 patients. The second variant was present in the coding region of KIF1A (c.1048C4G, exon 13 of NM_004321.4) leading to the p.R350G amino-acid change, located in the motor domain of kinesin 1A and affecting a highly conserved amino acid (Figure 1 ). This variant was present at the homozygous state in patients only and was absent in the 970 Caucasian/North African control chromosomes.
Whole-genome genotyping of family FSP1079 and candidate gene analysis In family FSP1079 with a pseudo-dominant but autosomal recessive transmission of the disease, whole-genome genotyping revealed a single homozygous region on chromosome 2q, with a multipoint LOD score reaching the maximal expected value of +2.63 from position 251.6cM to the telomere. This LOD score did not reach significance, due to the pseudo-dominant inheritance of the disease, but overlapped with the SPG30 interval as confirmed using four microsatellite markers (Figure 1 ). This interval contains the KIF1A gene. Conventional Sanger sequencing of KIF1A revealed the homozygous c.765C4T (p.A255V) missense mutation in all affected members. This mutation was identical to the one found in a family of similar origin, suggesting a genetic founder effect. 4 This missense mutation affected a conserved amino acid of the motor domain of the protein and was absent in 184 control chromosomes of Israeli-Arab origin.
Rearrangement detection
No large rearrangements in the SPG30 candidate interval could be detected by CGH in affected patients of both linked families, using either CYTO_12 (Illumina) or 3x720K (Nimblegen) CGH. This does not exclude the involvement of small rearrangements or inversions.
Clinical features of both families and disease progression in a 5-year follow-up in family FSP546
In family FSP546 (Figure 1 ; Table 1 ), there were nine siblings (six men, three women) born to parents who were first cousins. All 11 members were examined in 2005 and sampled for DNA extraction. 6 Four of the sibs (three men, one woman) were clinically affected and neurological examination was normal in the remaining children and both parents.
The mean age at onset was 17.5 ± 4 years (range, 12-21 years). The overall picture was spastic gait with variably associated distal wasting, sensory neuropathy and slight cerebellar ataxia. 6 By comparison, 5 years after the initial examination of the affected members, 6 the SPG30 phenotype in family FSP546 shows only a slow progression. This is true for the pyramidal symptoms (spasticity, walking difficulties) and the associated cerebellar signs (dysmetria, saccadic ocular pursuit). All affected members are still able to walk after a disease duration of between 9 and 22 years even if the maximal walking distance is reduced in all patients. The seven affected members of the Palestinian family FSP1079 (Table 1) have an overall clinical picture of spastic gait with variably associated impaired pin-brick and axonal neuropathy after a disease duration of between 9 and 16 years. Age at onset could be determined in three patients only and ranged from 10 to 39 years. DISCUSSION SPG30 is caused by KIF1A mutations Several lines of evidence enable us to confirm the KIF1A gene (MIM 601255) as causal for the SPG30 subtype of ARHSP. First, using targeted NGS, we identified only two segregating variants in the original SPG30 family (FSP546). Only one of these was compatible with the HSP phenotype, the p.R350G variant found in KIF1A, which affects a strongly conserved amino acid in the motor domain of kinesin 1A, a specific actor of axonal transport in the nervous system. The mutation was absent in a large set of controls with various geographical backgrounds. Second, in the Palestinian family (FSP1079), whole-genome genotyping revealed a single homozygous region on chromosome 2q and the presence of the homozygous c.765C4T (p.Ala255Val) missense mutation in all affected members. A genetic founder effect of our family FSP1079 and the family published by Erlich et al 4 can be presumed, even though it has not yet been tested, as they share the same mutation.
The identification of two mutations in a conserved domain of the KIF1A gene that segregate with the disease in each family, including one mapped significantly, and are located in a single region of homozygosity on chromosome 2q, validate this gene as causal for SPG30. The KIF1A protein belongs to the kinesin-3 family, representing microtubule-dependent proteins that mediate specific and diverse motile processes, including intracellular transport. The of the conservation and localisation of both mutations, a destabilisation of the protein structure is expected that may alter velocity or mobility control. The R350 amino acid in particular is located at the end of the motor domain in close vicinity to the neck linker (aa 352-364) that has an important role in directionality and has mechanochemical implications for the motility of the protein. [7] [8] [9] There is evidence that the KIF1A protein functions as the primary motor for synaptic-and dense-core vesicle transport. 10, 11 In animal models of C. elegans with mutations in the KIF1A ortholog (unc-104), a decreased transport capacity of synaptic vesicle precursors in the axons has been evidenced. 11 The phenotype of KIF1A knockout mice includes motor and sensory disturbances, a reduction in the density of synaptic vesicles in nerve terminals, and the accumulation of clear vesicles in nerve cell bodies. 12 In addition, mutations in other kinesinencoding genes, such as KIF5A 13, 14 and KIF1b (MIM 605995), have been implicated in motor neuron diseases, and intracellular trafficking is a well known mechanism causing the degeneration of the long axonal tracts in such diseases. 15 In particular, mutations in the KIF5A gene leading to autosomal dominant SPG10 13, 14 have been shown to reduce the microtubule affinity and/or gliding velocity of kinesin. 15 
SPG30 phenotype
In the three known HSP families with KIF1A mutation (Table 1) , the affected members have a very slowly progressive spastic gait with variably associated distal wasting, peripheral neuropathy in most patients and slight cerebellar ataxia in a few patients. The peripheral neuropathy is reminiscent of the phenotype observed in KIF1A knockout mice. 12 In family FSP546, the clinical picture was associated with slight cerebellar signs, such as saccadic ocular pursuit, dysmetria and difficulty with tandem standing. The combination of spastic paraparesis with cerebellar symptoms is also a frequent finding in nearly 50% of ARHSP forms. 1 In addition, the mild cerebellar involvement, which was found in FSP546 patients, may be overlooked when examining patients.
As in other HSP forms, 1 the phenotypic presentation varied from one patient to another. Age at onset varied from 2 to 39 years old (mean, 13.6 ± 11.4 years) but very early ages at onset were exclusively observed in the family published by Erlich et al. 4 The coexistence of pure and complicated profiles within one form of HSP is well known in SPG4, SPG5, SPG7, SPG10, SPG27 and SPG31 patients. 13, [16] [17] [18] [19] [20] [21] Several recently discovered ARHSP forms were initially thought to be pure ARHSP without any cerebellar signs or cerebellar atrophy on brain imaging, a view that was subsequently revised after more families were identified. This was the case for SPG7 (paraplegin) and SPG5 (CYB7B1). 16, 17, 22, 23 In terms of disease progression, SPG30 differs from other ARHSPs, such as SPG11, 24 in having a less severe evolution, as all affected members were still able to walk after disease durations of between 9 and 22 years even if maximal walking distance was reduced in all patients.
Phenotype and genotype correlations in SPG30 and HSAN In light of this study and two previous reports dealing with KIF1A mutations in neurodegenerative diseases, 4, 5 we observed that the nature of the KIF1A mutations could predict the phenotype (Table 2 ). Nonsense mutations, likely leading to a complete loss of function of the protein, cause HSAN 5 with major clinical alterations of the peripheral nervous system (PNS). Missense mutations located in the kinesin motor domain of KIF1A are associated predominantly with an upper motor neuron syndrome of the central nervous system (Table 2) . However, PNS alterations also occur frequently in HSP patients as peripheral neuropathy was observed in 64% of the SPG30 patients. How different mutation types in the same gene may differentially alter primary and secondary motor neurons remains unclear but may be related to a residual function of the protein with missense mutation compared with its complete loss of function. These phenotype-genotype correlations have been inferred from seven mutated kindred only and the identification of new KIF1A-mutated patients may complicate this picture as it is now the case for SPG10 with the involvement of other types than missense mutations in KIF5A. 25 In conclusion, we have shown that mutations in the KIF1A gene are responsible for the SPG30 form in two linked autosomal recessive HSP families with different genetic backgrounds. We suggest that the nature of the KIF1A mutations predicts the underlying phenotype. These phenotype-genotype correlations will have to be confirmed by KIF1A screening efforts in HSP and HSAN families, and it will be important to try to ascertain why different mutations of KIF1A cause markedly different neurological disorders involving predominantly either the CNS or the PNS.
